The basic-helix -loop -helix-leucine zipper (bHLHZip) protein MITF (microphthalmia-associated transcription factor) is a master regulator of melanocyte development. Mutations in the MITF have been found in patients with the dominantly inherited hypopigmentation and deafness syndromes Waardenburg syndrome type 2A (WS2A) and Tietz syndrome (TS). Additionally, both somatic and germline mutations have been found in MITF in melanoma patients. Here, we characterize the DNA-binding and transcription activation properties of 24 MITF mutations found in WS2A, TS and melanoma patients. We show that most of the WS2A and TS mutations fail to bind DNA and activate expression from melanocyte-specific promoters. Some of the mutations, especially R203K and S298P, exhibit normal activity and may represent neutral variants. Mutations found in melanomas showed normal DNA-binding and minor variations in transcription activation properties; some showed increased potential to form colonies. Our results provide molecular insights into how mutations in a single gene can lead to such different phenotypes.
INTRODUCTION
Microphthalmia-associated transcription factor (MITF) is a bHLHZip transcription factor which belongs to the MYC supergene family. MITF plays an important role in melanocytes, where it has been shown to be involved in regulating many diverse events, including proliferation, differentiation, apoptosis, DNA replication, mitosis and genome stability (reviewed in 1 and 2). Mice which lack MITF have white coat color due to the absence of melanocytes (reviewed in 3).
Mutations in the human MITF gene have been found in patients with the hypopigmentation and deafness syndromes Waardenburg (WS) and Tietz (TS) (reviewed in [3] [4] [5] . Both syndromes are listed as rare diseases by the Office of Rare Diseases Research (USA) and Orphanet (Europe). WS is an auditory-pigmentary syndrome named after the Dutch ophthalmologist Petrus Waardenburg (6) . Four types of WS have been described, all with similar clinical features including sensorineural hearing loss, hypopigmentation of skin (usually patches of hypopigmentation) and hair and pigmentary disturbances of the irises (hypoblastic blue irides and/or heterochromia). In contrast to WS type 1 (WS1), WS2 patients do not show dystopia canthorum (eyelid anomaly; lateral displacement of the inner canthi of the eye) (6) (7) (8) . The phenotype of WS3 and WS4 patients is similar to WS1 but with additional hypoplasia of limb muscles (WS3) or Hirschprung's disease (WS4). WS2 is inherited in an autosomaldominant fashion (8) . Mutations in MITF have been found in a subset of WS2 patients, categorized as type 2A. WS1 and WS3 have been shown to be due to mutations in PAX3, and WS4 to be due to mutations in the receptor-ligand pair EDN3/EDNRB or in the transcription factor SOX10 (reviewed in 9). SOX10 mutations have also been found in some cases of WS2, termed WS2E (reviewed in 9). TS is another rare hypopigmentation disorder characterized by profound congenital hearing loss and generalized hypopigmentation and is inherited in a fully penetrant autosomal-dominant fashion. MITF mutations have been found in TS patients (5, (10) (11) (12) . * To whom correspondence should be addressed at: Department of Biochemistry and Molecular Biology, BioMedical Center, Faculty of Medicine, University of Iceland, Vatnsmyrarvegi 16, 101 Reykjavik, Iceland. Tel: +354 5254270; Email: eirikurs@hi.is In addition to being essential during melanocyte development, MITF also plays an important role in melanoma. Overexpression of MITF has been shown in cutaneous melanomas (13, 14) and MITF gene amplification has been observed in about 30% of metastatic melanoma (15) . Somatic mutations in MITF have been found in metastatic melanoma samples (16) and recently, a germline mutation was found in families where several members had melanoma (17, 18) . MITF has been proposed to fulfill all the criteria of a lineage-survival oncogene (reviewed in 19) . As human MITF mutations are found in both auditory-pigmentary disorders and melanomas, it is of importance to understand how mutations in the same transcription factor can lead to such different phenotypes.
Here, we analyzed the DNA-binding and transcription activation ability of 18 MITF mutations found in WS2 and TS patients and 6 MITF mutations found to date in melanoma patients. Our results show that 11 of the 18 mutations associated with WS2 and TS failed to bind DNA and were unable to activate expression from melanocyte-specific promoters. On the other hand, the MITF mutations found in melanoma patients were able to bind DNA and activate expression from melanocyte-specific promoters; some showed increased potential to form colonies. Our functional analysis of human MITF mutations reveals novel insights into their ability to bind DNA, activate transcription and form colonies.
RESULTS

The human MITF mutations studied
A summary of all known human missense MITF mutations found in WS2A and TS patients as well as in melanomas is provided in Table 1 , together with information on their location within the protein, the phenotypes assigned to the mutations, the mode of inheritance and the reference describing their characterization. All these mutations were originally identified in genomic DNA. Sometimes, the same mutation has been described in different families (such as R214X, R217del and R217I) and is therefore mentioned accordingly in Table 1 . Figure 1A shows the location of the mutations in the protein.
In addition to missense mutations, we included the R217del mutation which deletes three nucleotides leading to a deletion of arginine 217 and two stop mutations which result in truncated MITF proteins (R214X and R259X). The R214X mutation results in a protein which truncates in the basic region (BR), whereas R259X truncates in the helix-loop -helix domain. 
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These mutations were included in the study as negative controls as we expected them to be functionally inactive. MITF mutations associated with WS2A and TS (indicated in blue) are located in the basic (11 of 18), helix -loop -helix (4 of 18) and zipper (2 of 18) domains of the protein; one mutation (S298P) is located in the carboxy terminal region of MITF ( Fig. 1A ). Mutations associated with melanoma (indicated in red) are primarily located in the amino (three of six) and carboxyl (two of six) ends of MITF, but also in the bHLHZip region (one of six) ( Fig. 1A ); all but one are somatic mutations. The only germline mutation associated with melanoma is E318K. Figure 1B shows where mutations, which affect the bHLHZip region, are located in the MITF structure (20) . For functional analysis, all the mutations were re-created in a mouse Mitf expression construct which produces the melanocyte-specific M-MITF protein (reviewed in 3). Sequence alignment of the mouse and human MITF proteins showed 94% identity; all the mutant sites are completely conserved between the two species (Supplementary Material, Fig. S1 ). In addition, we created two different E213D mutations [the original c.639A.C mutation identified by (21) and a c.639A.T mutation (not found in WS2A patients) both of which result in a substitution for aspartic acid] and the N278P mutation which introduces a helical breaker in the leucine zipper segment of the protein.
Eleven out of 18 WS2A and TS mutations failed to bind DNA
To determine DNA-binding ability of the wild-type and mutant MITF proteins, electrophoretic mobility shift assays (EMSAs) were performed using a double-stranded oligonucleotide with a central E-box (CACGTG) as a probe. The proteins were expressed using an in vitro translation system; expression analyzed using western blot analysis and protein levels adjusted to eliminate differences in DNA-binding studies (Supplementary Material, Fig. S2 ).
As shown in Figure 2 , 6 of the 11 mutations which affect the BR of MITF (E213D, R214X, R216K, R217Del, R217I, R217G) failed to bind the E-box DNA sequence (CACGTG). The R203K and N210K mutant proteins were able to bind to the E-box probe equal to wild-type MITF, whereas the K206Q mutant protein showed some but decreased binding ability ( Fig. 2A ). Changing residue I212 to either methionine (I212M) or serine (I212S) did not affect the ability to bind the E-box sequence ( Fig. 2B ). Mutations in the HLH domain (I224S, S250P and R259X) induced loss of DNA binding ( Fig. 2B and C) . Interestingly, the tyrosine-to-cysteine substitution at residue 253 was able to bind DNA, albeit weakly ( Fig. 2C ). Mutations affecting the zipper domain (N278D/P and L283P) also failed to bind DNA. The L283P mutation is a novel non-truncating MITF mutation found in a WS2A patient ( Table 1 ). The only WS2A mutation located at the C-terminal region of MITF, S298P, did not affect the DNA-binding ability. In summary, 11 out of the 18 WS2A and TS mutations investigated failed to bind DNA.
MITF also binds strongly to the TCATGTG sequence, sometimes referred to as the M-box sequence (20) . In order to investigate if the MITF mutant proteins which showed E-box binding (R203K, K206Q, N210K, I212M, I212S and S298P) can also bind this sequence, gel shift assays were performed using The mutations found in melanoma patients are indicated in red (on top). These mutations are located at the amino-and carboxyl ends, and only one mutation is located in the helix-loop-helix domain (G244R). The mutations found in WS2A and TS patients are indicated in blue (on the bottom). Most of these mutations are located in the BR of MITF and in the HLH and zipper domains. The WS2A mutation S298P is located at the carboxyl end of MITF. (B) Structure of the bHLHZip region of MITF showing the location of the mutant residues. To separate mutations leading to TS and WS2A syndromes and those causing melanoma, the respective mutations are mapped on two different molecules of the dimeric MITF structure. The TS/WS2A mutations on the first protomer in cyan are highlighted in the following colors: residues mutated into stop codons, black; residues mutated into prolines, magenta; residues when mutated affecting direct DNA contacts, red; residues when mutated affecting protein-protein interactions, blue. In sharp contrast, only one melanoma-inducing mutation has been found within the bHLHZip region for which the structure of MITF was determined. This mutation (G244) has been highlighted in orange on the second MITF protomer, colored in green. TCATGTG as a probe. As was seen with the E-box probe, the R203K, N210K and S298P mutations can bind the M-box sequence similar to wild -type, whereas K206Q has severely impaired DNA-binding ability (Supplementary Material, Fig. S3 ). Consistent with previous results (20) , the two I212 mutations (I212M/S) showed less binding to the M-box than to the E-box ( Supplementary Material, Fig. S3 ). In summary, our results show that most mutations associated with WS2A and TS failed to bind DNA. The exceptions are R203K, N210K and S298P which show normal-level DNA binding, and the Y253C and K206Q mutations which show reduced but significant DNA binding. The two I212 mutations, I212M and I212S, affect the ability of MITF to bind the M-box but not the E-box. This position has been suggested to determine the ability of MITF to bind the M-box sequence (20) .
DNA-binding ability of MITF mutations found in melanoma is similar to wild-type MITF
Gel shift assays were also used to determine the DNA-binding ability of MITF mutations found in melanoma patients. The E87R, L135V, L142F, G244R, E318K and D380N mutations did not affect the DNA-binding ability of MITF to either the E-box ( Fig. 2A and C) or the M-box (Supplementary Material, Fig. S3 ). Interestingly, the L135V protein showed increased DNA binding when compared with wild-type MITF ( Fig. 2A and Supplementary Material, Fig. S3 ).
Reduced transcription activation potential of WS2A and TS mutants
In order to investigate whether the MITF mutants were able to activate gene expression, we performed reporter gene assays with several different MITF target promoters. MITF has been shown to activate expression from the melanocyte-specific tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1) and dopachrome tautomerase (DCT) promoters (22-24) (Supplementary Material, Fig. S4 ). HEK293T cells, which do not express MITF endogenously, were cotransfected with the respective promoter constructs and MITF expression constructs (wild type or mutant) and effects on expression determined using luciferase reporter assays. Supplementary Material, Figure S5 shows that all the transfected cells express the MITF protein. Figure 3A shows fold activation by the mutant proteins when compared with wild-type MITF for the four different promoters used. Consistent with the results of the DNA-binding assays, 11 of the 18 mutations which affect the basic (E213D1/2, R214X, R216K, R217Del, R217I and R217G), the HLH (I224S, S250P and R259X) and zipper domains (N278D/P and L283P) of MITF failed to activate expression from the TYR promoter (P , 0.05). The R206Q and the Y253C mutant proteins showed a significantly reduced ability to activate tyrosinase expression [48 and 71% compared with wild-type MITF (P , 0.05)], consistent with the reduced ability to bind DNA. The two I212 mutations (I212M and I212S) also showed a significantly reduced ability to activate expression from the TYR promoter (P , 0.05). The TYR promoter contains one E-box and one M-box. Since both mutant proteins bound the E-box at similar levels as the wild-type MITF protein but showed reduced binding to the M-box, this suggests either that the M-box is more important for activating TYR expression or that these sites act cooperatively. Alternatively, the I212 mutations may affect transactivation ability of MITF. Surprisingly, the R203K, N210K and S298P mutations, which are all able to bind the E-box, showed significantly increased transcription activity compared with wild-type MITF (P , 0.05). Indeed, the activation of tyrosinase by the R203K and N210K mutations was 1.5-and 2.2-fold compared with wild-type MITF (P ¼ ≤5 × 10 24 and ,9.3 × 10 26 , respectively), whereas the S298P mutation activated TYR 1.3-fold compared with wild-type MITF (P ¼ 0.042).
We also determined the ability of the mutations to activate expression of the pigment-cell specific TYRP1 promoter (Fig. 3A) . The mutations either completely failed to activate expression from this promoter (R214X, R216K, R217Del, R217I, R217G, I224S, S250P, R259X, N278D, N278P and L283P) or showed significant reduction (R203K, K206Q, N210K, I212M/S, E213D and Y253C) in activation when compared with wild type (P , 0.05). The hyperactivation observed with the R203K, N210K and S298P mutant proteins from the TYR promoter was not observed using the TYRP1 reporter nor with the other reporters used in the study (see below). In fact, all the three mutations showed reduced TYRP1 activation when compared with wild-type MITF (Fig. 3A) . 
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Human Molecular Genetics, 2013, Vol. 22, No. 21 Similar to what was observed with the TYR promoter, MITF mutations which affect the basic and HLH regions failed to activate expression from the DCT promoter (Fig. 3A) . The K206Q, I212S, N278D, N278P and L283P mutations showed reduced activation, whereas the E213D, R214X, R216K, R217Del, R217I, R217G, I224S and R259X mutations showed a complete lack of Human Molecular Genetics, 2013, Vol. 22, No. 21 4361 activation (P , 0.05). The R203K, N210K and S298P mutations showed somewhat reduced transcription activation potential (82.4, 80.7 and 81%, respectively) when compared with the wild-type MITF protein, but the difference was not statistically significant. As these mutations lead to increased TYR activation, this suggests that the mutant proteins can have promoter-specific effects on transcription. The I212M and Y253C proteins showed slightly but significantly reduced transcription activation of DCT (72.7 and 70.5%, respectively, compared with wild-type MITF, P , 0.05). MITF robustly activates expression of a synthetic promoter consisting of four tandem M-box sequences (23) . The R203K, N210K and I212M/S mutations were able to activate expression from this promoter construct at levels similar to wild-type MITF (Fig. 3A) , whereas the K206Q mutation showed reduced activation (73.1% compared with wild-type MITF, P ¼ 0.0075). The only mutation which showed hyperactivation from this synthetic promoter was S298P, which showed a 1.67-fold increase (P , 0.05). The remaining mutations (E213D, R214X, E216K, R217Del, R217I, R217G, I224S, S250P, Y253C, R259X, N278D, N278P and L283P) failed to activate the 4M-box construct (P , 0.05).
The proto-oncogene MET, which encodes the cell-surface receptor for hepatocyte growth factor (25) , has been implicated in renal cell carcinoma (26) and in late stages of melanoma (27) . Chromatin-immunoprecipitation coupled to high throughput sequencing of a human melanoma cell line (501mel) revealed that MET is a target of MITF and that MITF is able to activate expression from the MET promoter (17,28) (Supplementary Material, Fig. S4b ). Most of the MITF mutations associated with WS2A and TS (R203K, K206Q, N210K, R214X, R216K, R217Del, R217I, R217G, I224S, S250P, Y253C, R259X, N278D/P and L183P) were unable to activate expression from the MET promoter (P , 0.05) (Fig. 3B) . The I212S and S298P mutations showed activation potential similar to wild-type MITF (1.2-and 1.1-fold, respectively). Although the R203K, K206Q, N210K and Y253C proteins were able to bind DNA, they were unable to activate expression from the MET promoter. Surprisingly, the I212M and E213D mutations showed strong activation of the MET promoter, 3.7-and 8-fold activation compared with wild-type MITF, respectively (Fig. 3B ). The I212M mutation alters the DNA-binding profile of MITF, such that it binds less to the M-box than to E-box sequences (20) , whereas the E213D mutation cannot bind the E-box sequence.
To summarize, our results suggest that 11 of the 18 mutations associated with WS2A and TS located within the BR (E213D, R214X, R216K, R217Del, R217I and R217G), the HLH domain (I224S, S250P and R259X), and the three mutations affecting the zipper domain (N278D and L283P) fail to activate expression from melanocyte-specific promoters such as TYR TYRP1, DCT and the synthetic 4M-box promoter ( Fig. 3A and B ). However, mutations at the beginning of the BR (R203K and N210K) and the S298P mutation at the Cterminus can still activate expression from many pigment-cell specific promoters. Importantly, 2 of the 18 mutations lead to a promoter-specific increase in expression, most notably the MET promoter.
Mutations associated with melanoma have promoter-specific effects on transcription
We also tested the transcription activation ability of MITF mutations associated with melanoma. Interestingly, these mutations had promoter-specific effects on transcription activation, and the effects depended on where in the protein the mutations are located (Fig. 3C) . The E87R mutation showed statistically significant reduced activation from the TYR, TYRP1, DCT and 4M-box promoters and L135V for TYR, TYRP1 and DCT (P , 0.05). However, both proteins activated MET at normal levels. The L142F mutant protein showed a normal level of transcription activation from all promoters tested, except DCT, which was reduced to 50% of the levels seen in wild-type MITF (Fig. 3C) . The G244R mutation, located in the HLH domain of MITF, showed varied promoter-specific effects with reduced activation of TYR, TYRP1 and MET promoters, normal activation of DCT and increased expression of the synthetic 4M-box promoter (1.35-fold induction; P , 0.05). Interestingly, the two mutations located in the carboxyl end of MITF, E318K and D380N showed significantly increased activation potential from the TYR (1.3-and 1.5-fold, respectively), 4M-box (1.7-and 1.4-fold, respectively) and MET (1.3-and 1.82-fold, respectively) promoters; activation of TYRP1 was reduced in both cases whereas activation of DCT was not statistically different from wild type (Fig. 3C ).
Nuclear localization
Since the results of the transcription activation assays were performed in cell-based assays using HEK293T cells, it was possible that the effects observed in those assays were due to altered nuclear localization of the mutant proteins. Thus, we determined the nuclear localization of all the MITF mutations by transfecting HEK293T cells with each of the mutant proteins and then used the 1D2 monoclonal anti-MITF antibody (29) to determine subcellular localization. The results show that all the mutations are primarily located in the nuclei ( Supplementary  Material, Fig. S6 ), except the two deletion mutations R214X and R259X which also have a major cytoplasmic component as seen by staining with the C5 anti-MITF antibody (the 1D2 antibody recognizes the C-end of MITF which is missing from the two mutants). Surprisingly, the R217del mutation which has been shown to affect nuclear localization of MITF in NIH3T3 and 293T cells (30) was nuclear in our assay using either the 1D2 or C5 antibodies.
Clonogenicity
In order to investigate whether the MITF mutants associated with melanoma have clonogenic properties that differ from the wild-type protein, we created stable HEK293 cell lines carrying the MITF mutations E87R, L142F, G244R and D380N. As controls, we also created stable lines expressing wild-type MITF and empty vector. All the lines created expressed the respective proteins at similar levels ( Supplementary Material, Fig. S7 ). In order to investigate the clonogenic potential of these mutant proteins, we seeded 2500 cells in three replicates and cultured the cells for
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Human Molecular Genetics, 2013, Vol. 22, No. 21 1 week. Cells transfected with an empty vector or wild-type MITF showed similar clonogenic potential as HEK293 cells alone (Fig. 4) . Although there were slight variations in the colony formation of empty vector transfected cells and untransfected HEK293 cells, these differences were not statistically significant ( Fig. 4 ). As shown in Figure 4 , the melanoma mutations E87R and L142F showed significantly higher clonogenicity than wild-type MITF (34 and 20% increase, respectively). However, the G244R and D380N mutations showed the same clonogenic behavior as wild-type MITF.
DISCUSSION
Our analysis of the DNA-binding and transcription activation potential of human MITF mutations associated with melanoma and WS2A and TS is summarized in Table 2 . Eleven of 18 WS2A and TS mutations showed no DNA-binding or transcription activation potential. Many of the mutations affect residues in the DNA-binding domain which make specific contacts with DNA, including E213 and R217 as well as R216, which does not make direct contacts with DNA but is conserved in the MITF subfamily of bHLHZip proteins (20) . The exact role of R216 is not clear, and it is surprising that changing this residue for lysine, another basic amino acid, has this large effect on DNA binding. The R217del, R214X and R259X mutations have no affinity for DNA ( Fig. 2) (20) and, therefore, serve as negative controls. The R214X mutation is missing a significant portion of the DNA-binding domain and all the rest of the protein, and can thus not bind DNA. The R259X mutation is missing everything following the HLH domain and presumably cannot form DNA-binding homodimers. Consistent with that conclusion, other mutations affecting the structure of the HLH and ZIP regions also affect the DNA-binding ability of MITF. This includes the S250P, L283P, I224S and N278D mutations.
In the structure of MITF, N278 plays an important role in forming hydrogen bonds in one of the heptad repeats of the leucine zipper, thus connecting the two MITF protomers (20) .
Consequently, DNA-binding ability is abolished when this residue is mutated to aspartate (Fig. 2C ). Mutating N278, S250 and L283 to proline, an amino acid that cannot be accommodated in an a-helix, disrupts proper folding of the respective regions and, therefore, impairs the dimerization ability of MITF. Due to its location in the hydrophobic core of the HLH domain, we expect the I224S mutation to disrupt the nearby threedimensional structure as well. The fact that mutations affecting dimerization of MITF lead to dominant phenotypes suggests that haploinsufficiency can lead to WS2A and TS. Surprisingly, a third of the WS2A and TS mutations showed normal or near-normal DNA-binding and transcription activation ability. The R203K and K206Q mutations showed somewhat reduced DNA binding, whereas the N210K, I212M, I212S and S298P mutations all showed normal-level binding to the E-box sequence. All six mutations showed significant transcription activation ability from some of the promoters tested, especially R203K, N210K and S298P, which activate expression of some promoters at normal levels and some at increased levels. The R203K mutation was originally described in a patient who inherited it from his unaffected mother (5) . The family had a four-generation history of WS2, but only one member harbored the R203K mutation (5) . This, together with the fact that the R203K mutant protein behaves like the wild-type MITF protein suggests that this is a neutral variant and not a disease-causing mutation. The side chain of the R203 residue was not visible in the structure of the MITF protein (20) , and at present its role is not entirely clear. Residues 210 -221 of MITF have been suggested to contain a nuclear localization signal (30) . The I212N mutation is able to enter the nucleus (30) and so is the R217I mutation (31) . The nuclear localization potential of the other mutations affecting this region has not been tested; all fail to bind DNA in vitro, except N210K.
The N210K mutation was originally identified in a family where affected family members were reported as born 'snowwhite' but gradually gained some pigmentation; they had blue eye color and bilateral congenital sensorineural and profound hearing loss (10) . Surprisingly, the N210K mutant protein retains significant DNA-binding and transcriptional activity. Interestingly, this position has been shown to be mutated to serine (N210S) in macchiato Franches-Montagnes horses (also called Freiberger). MITF is 97.9% conserved between humans and horses; the N210 position is conserved (Supplementary Material, Fig. S8 ). An EMSA showed that the N210S mutation had reduced ability to bind the M-box probe (32) . The N210S mutation thus has more severe effects on protein function in vitro than the N210K mutation. Consistent with this, lysine is a positively charged and long-chained residue that has the ability to maintain the hydrogen bond with DNA in which the wild-type residue is involved, whereas serine, a neutral and short-chained residue, does not. Both the human and horse mutations are inherited in a dominant fashion and both have severe effects on the phenotype, particularly with respect to effects on hearing. The different effects on function are therefore surprising and call for further investigations.
The S298P mutation is located at the carboxyl end of the leucine zipper of MITF. It has been suggested that S298 might be phosphorylated by GSK3b, and that substituting serine for either alanine or proline destroys MITF as a substrate for GSK3b (33) . GSK3b phosphorylates many of its substrates Untransfected HEK293 cells, empty vector and wild-type MITF transfected cells showed similar clonogenic potential. The slight differences observed were not statistically significant. The melanoma mutations E87R and L142F showed significantly (P , 0.05, indicated by asterisks) higher clonogenic potential than wild-type MITF. The G244R and D380N mutations behaved like wild-type MITF.
via the optimal consensus site S/T-X-X-X-S/T, where S and T are phosphoserine and phosphothreonine and X any amino acid (34, 35) . Interestingly, S298 does not fulfill all the criteria of a GSK3b substrate (36) . Takeda et al. (2000) showed that the S298A or S298P MITF mutations severely affected binding to the M-box sequence and ability to activate expression from the TYR promoter, whereas substituting serine 302 with alanine had no effect on the ability to activate TYR (33) . Our results, showing that S298P has normal DNA binding, are not consistent with the results of Takeda et al. (33) . Similarly, substituting S298 with alanine and performing cotransfection assays with the TYR, 4M-box, TYRP1 and MET promoter constructs revealed no statistically significant difference from wildtype MITF (Supplementary Material, Fig. S9 ). Analysis of the Exome Variant Server database (http://evs.gs.washington.edu/ EVS/) shows that a C/T polymorphism (rs104893747) which changes serine to proline at residue 298 in MITF is prevalent in European Americans and has a minor allele frequency of 0.046%. This polymorphism was not found in sequenced African Americans. The prevalence of all WSs combined is estimated to be 1/42 000 of the population (8) , suggesting that rs104893747 is much more frequent than all WSs. This, together with our results showing that the S298P mutation has no major effect on function, suggests that this is a rare polymorphism in Caucasian populations that is functionally equivalent to the wild-type protein. The phenotype assigned to the S298P polymorphism must therefore be due to another non-identified noncoding mutation in the MITF gene, or to a mutation in another gene associated with WS.
The I212M and I212S mutations showed normal ability to bind the E-box whereas ability to bind the M-box was reduced ( Fig. 2, Supplementary Material, Fig. S3 ). This is consistent with the results of Pogenberg et al. who showed that the I212 position is critical for allowing MITF to bind the M-box sequence (20) . Mutating this site alters the target gene profile of MITF, leading to an imbalance in the activation of target genes, as observed by the hyperactivation of the MET promoter by the I212M mutation and the reduced ability to activate the TYR, TYRP1 and DCT promoters. Surprisingly, both mutations are able to activate expression of the 4M-box promoter. An imbalance in target gene selection is a novel model for how mutations can lead to WS2A and TS.
Paradoxically, despite severely affecting DNA binding of MITF and reducing activation from TYR, TYRP1, DCT and 4M-box promoters, the E213D mutations lead to hyperactivation of the MET promoter. It is possible that this mutant protein can Table 2 . Summary of DNA-binding assays and transcriptional activation analysis of MITF and MITF mutants; WS2A and TS mutations indicated in blue and melanoma mutations are indicated in red [shown in percentages which represent densitometric scans of EMSA gels (DNA-binding) and transcriptional activation ratios]
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Human Molecular Genetics, 2013, Vol. 22, No. 21 bind sequences other than the E-box to activate expression of the MET promoter. It is also possible that this mutation activates MET through another mechanism that does not involve direct binding to DNA. Interestingly, the I212M and E213D mutations, both of which hyperactivate the MET promoter, affect adjacent residues of the basic DNA-binding domain. The hyperactivation data suggest that mutations in MITF can have specific effects on gene expression or function, despite severely affecting the ability of MITF to bind the E-box. We also analyzed the functional effects of somatic MITF mutations identified in melanoma tumor tissues; E87R, L135V, L142F, G244R and D380N (16) and a recently described germline mutation, E318K (17, 18) . Our results show that all the melanoma mutations were able to bind the E-box probe at normal levels, and most were capable of activating expression from melanocyte-specific promoters, although minor differences were observed, depending on both the mutation involved and the promoter investigated. Critically, four mutations (E87R, L135V, E318K and D380N) tended to increase activation from the MET promoter; this increase was statistically significant only for the D380N mutation ( Fig. 3C ). One of these mutations, L135V, showed increased DNA-binding ability, but this was not reflected in effects on transcription activation. The two mutations located in the C-terminus of MITF, E318K and D380N significantly increased transactivation potential of the tyrosinase and 4M-box promoters, but only D380N showed statistically significant activation of the MET promoter, suggesting that these mutations lead to increased but promoter-dependent transcription activation potential of MITF. This is consistent with the results of Bertolotto et al. (2011) who showed that the E318K mutation led to increased transcription activation of the HIF1a and synthetic 3M-box reporters (17) . Consistent with our results, Bertolotto et al. did not observe any difference between wild-type MITF and the E318K mutant with respect to activation of the MET promoter (17) . Although the E87R and L135V mutations tend to increase activation from the MET promoter, both mutations lead to reduced transcription activation potential from the pigment-specific promoters. This indicates that the effects of these two mutations are more subtle than the effects of the E318K and D380N mutations and may affect target genes differently. The L135V and L142F mutations are located within a proposed activation domain of MITF (37, 38) . Consistent with that both mutants showed significantly decreased transcriptional activation of the TYRP, TYRP1 and DCT promoters. The germline mutation E318K has recently been associated with melanoma and occurs within a SUMOylation consensus motif, IKQE. Since SUMOylation is generally reported to have inhibitory effects with respect to transcriptional activation, a mutation inhibiting SUMOylation may lead to activation of protein function (17, 18, 23) .
The clonogenic assays showed that the E87R and L142F mutations increased clonogenic potential of MITF, whereas the D380N mutation did not. Unfortunately, very little is known about the functional role of the N and C domains of MITF. However, our results suggest that these domains have distinct function, and that they can lead to melanoma through different pathways, either leading to increased proliferation through mechanisms depending on the N-end of MITF, or by affecting transcription activation potential through features of the C-end of MITF. How these effects are mediated is not known at present.
In summary, we have shown that 11 of 18 MITF mutations associated with WS2A and TS, located in the bHLH-ZIP domains of the MITF protein, fail to bind DNA and activate melanocyte-specific promoters in cotransfection assays. The remaining seven mutations either have normal or reduced DNAbinding and transcription activity. The MITF mutations found in melanoma behave similar to the wild-type MITF protein in terms of DNA binding. However, these mutations affect transactivation potential and possess the ability to form colonies in clonogenic assays. Clearly, the amino-and carboxyl domains of MITF, where these mutations are located, play an important role in transactivation ability of MITF and the oncogenic role of MITF. The roles that these domains play in MITF function need further analysis.
MATERIALS AND METHODS
Cell culture
HEK 293 (ATTC; CRL-1573) and HEK293T cells were maintained in Dulbeccós modified Eagle Medium (GIBCO), supplemented with 10% fetal bovine serum, 100 U of penicillin/ml and 100 mg of streptomycin/ml and cultured in a humidified incubator at 378C with 5% CO 2 . HEK293T cells are derived from HEK293 cells but contain the large T antigen and are resistant to Geneticin.
Cotransfection assays
HEK 293T cells (1 × 10 5 ) were seeded in 96-well plates and transfected with 35 ng of Luciferase reporter construct (TYR, TYRP1, DCT, 4M-box and MET) and 15 ng wild-type or mutant mouse MITF constructs using ExGen 500 in vitro transfection reagent (Fermentas). pRenilla (1.5 ng) was used to normalize luciferase activity. Twenty-four hours after transfection, cells were lysed with passive lysis buffer (Promega) and assayed for firefly and Renilla luciferase activity according to manufacturer's instructions (Promega). Transfection experiments were carried out in six replicates each time and repeated at least twice. Measurements were taken with a Modulus II microplate reader (Turner Biosystems). Luciferase signals were normalized to corresponding Renilla signals and results expressed as fold activation over wild-type MITF. Error bars show the standard error of mean and significance was calculated via Student's t-test (P , 0.05 have been considered statistically significant).
Mutagenesis
Mutations were created in an expression vector (pcDNA3.1) containing the wild-type mouse MITF gene using the Quick-Change Lightning site-directed mutagenesis kit from Stratagene and verified by Sanger sequencing. The QuickChange primer design program provided by Agilent Technologies was used to design the primers (listed in Supplementary Material, Table S1 ).
Protein expression
Wild-type and mutant MITF proteins were synthesized using the TNT quick coupled transcription/translation system according to manufacturer's protocol (Promega). TNT proteins were Human Molecular Genetics, 2013, Vol. 22, No. 21 4365 analyzed by electrophoresis on 8% SDS -polyacrylamide gels. After electroblotting the proteins on a polyvinylidine difluoride membrane, membranes were incubated with an MITF antibody (C5, Thermo Scientific) and b-actin (13E5, Cell Signaling) overnight at 48C in phosphate buffered saline (PBS) with 5% milk. The membranes were scanned on an Odyssey reader (Li-Core), and the bands quantitated and compared by intensity comparison to wild-type MITF (Supplementary Material, Fig. S2 ).
To ensure equal protein loading on the EMSA gel, protein amounts were adjusted accordingly. For determining expression of transfected MITF proteins in cotransfection assays, constructs expressing wild-type and mutant MITF proteins were transfected into HEK293T cells and the cells lysed in RIPA buffer. Electrophoresis and electroblotting were performed as described above followed by incubation with the 1D2 antibody overnight at 48C in PBS with 5% milk.
EMSA
The double stranded oligonucleotides encompassing MITFbinding sequences E-box 5 ′ -AAAGAGTAGCACGTGCTA CTCAGA-3 ′ and M-box 5 ′ -AAAGAGGCTCATGTGCTA-ACCAGA-3 ′ were 32 P-dCTP-end-labeled (PerkinElmer) using the Klenow fragment (Fermentas) and subsequently purified using Sephadex G50. TNT expressed proteins were incubated in 2 mM spermidine, 2 mM MgCl 2 , 10% fetal calf serum, 2 ng/ ml poly(dI)(dC)) for 15 min on ice. For supershift assays, 0.5 ml Mitf antibody (C5, Thermo Scientific) was added and incubated for 30 min on ice. The labeled probe was incubated with binding buffer (39) for a couple of minutes at room temperature and added to the TNT protein. After a 10 min incubation period, the DNA -protein complexes were resolved by electrophoresis on a 4.2% non-denaturating polyacrylamide gel in 0.25×TBE buffer for 2 -2.5 h at 130 V. In addition to the empty vector (pcDNA3.1) control, a water negative control was also included. The gel was incubated overnight on a storage phosphor screen and the gel scanned on a Typhoon 8610 imager (Molecular Dynamics). Intensity of bands was determined using ImageQuant.
Nuclear localization
HEK293T cells were seeded in 8-well chamber slides (4 × 10 5 cells/well) and transfected with 1 mg DNA using Fugene HD transfection reagent (Promega). The following day, the cells were fixed with 4% formalin for 15 min at room temperature, permeabilized in 0.1% Triton-x100 for 8 min, washed 3 times in PBS before blocking in PBS containing 0.05% Triton-X100, 0.25% BSA (PBT) and 5% normal goat serum. Cells were incubated with the C5 (Thermo scientific) or 1D2 anti-MITF antibodies overnight at 48C, washed three times in PBT, incubated with a Cy3-labeled secondary antibody for 1 h at room temperature, washed three times in PBT and incubated for 15 min in TO-PRO-3 (Invitrogen). Cells were rinsed with PBS, slides mounted with Fluoroshield (Sigma) and imaged on a Zeiss 510 confocal microscope.
Clonogenic assays
HEK 293 cells (ATTC; CRL-1573) were transfected with wildtype and mutant MITF proteins using ExGene (Fermentas) transfection reagent according to manufacturer's protocol. After 48 h, cells were treated with 1 -2 mg/ml Geneticin (G418). After several weeks under constant Geneticin selection, cells were counted (Countess) and reseeded in six-well plates at a density of 2500 cells/well. To ensure that the proteins are expressed, western blot analysis of whole cell lysates was performed ( Supplementary Material, Fig. S5 ). After 1 week of incubation, plates were stained with 0.5% crystal violet. Plates were scanned and colonies counted via the open access program Clonocounter. Clonogenic assays were performed in triplicates and repeated twice. Error bars show the standard error of mean, and the significance was calculated using Student's t-test. P-values ,0.05 were considered statistically significant.
